Introduction
============

Transthyretin (TTR) amyloidosis is a disease caused by systemic deposition of wild-type (WT) or mutant TTR fibrils, resulting in heart failure when deposition occurs in the heart. Mutant TTR deposition leads to familial TTR amyloid. Accumulation of the normal TTR protein causes WT cardiac amyloidosis (also known as senile amyloidosis). Predominantly synthesized in the liver, TTR protein forms a homotetramer complex that acts as a transporter for thyroxine and retinol-binding protein. Mutation nomenclature typically uses the mature protein of 127 amino acid residues after cleavage of a 20-amino acid signal peptide. Over 100 different amyloidogenic mutations in the *TTR* gene have been described, including a point mutation in codon 122 that causes an amino acid change from valine to isoleucine (p. Val122Ile).[@b1-cmc-suppl.1-2014-039]--[@b3-cmc-suppl.1-2014-039] While other *TTR* mutations result in familial amyloid polyneuropathy (FAP), Val122Ile is associated with predominantly cardiac involvement.

Interestingly, the Val122Ile allele is fairly common among African Americans, with 3--4% of self-identified African Americans carrying this mutation, typically in heterozygosity.[@b4-cmc-suppl.1-2014-039]--[@b6-cmc-suppl.1-2014-039] It is extremely rare in other ethnic groups.[@b4-cmc-suppl.1-2014-039] The frequency of Val122Ile in populations with heart failure remains largely unknown. In the Beta-Blocker Evaluation of Survival Trial (BEST) study, where cardiac amyloidosis was an exclusion criterion, the prevalence of Val122Ile was as high as 10% among African Americans older than 60 years of age with NYHA classes III--IV heart failure and an ejection fraction (EF) of 35% or less.[@b7-cmc-suppl.1-2014-039] In another case control study of asymptomatic Val122Ile carriers, this allele appears to confer a significant risk for the development of heart failure.[@b8-cmc-suppl.1-2014-039] Once symptomatic, Val122Ile carriers with heart failure have a worse prognosis than those with WT cardiac amyloid, with a median survival of just over two years.[@b9-cmc-suppl.1-2014-039] Taken together, among African Americans who present with heart failure and preserved ejection fraction, the *TTR* Val122Ile mutation might be a severely underdiagnosed cause.

In recent years, heart failure with preserved ejection fraction (HFpEF) has become increasingly prevalent among individuals hospitalized for acute decompensated heart failure.[@b10-cmc-suppl.1-2014-039] However, no therapies with survival benefits have been identified in randomized clinical trials, owing in part to a heterogeneous patient population with different responses to treatments. It has been postulated that survival of patients with HFpEF can only be improved if they are phenotyped more selectively and their treatments tailored accordingly.[@b11-cmc-suppl.1-2014-039]

A recent autopsy series provided pivotal evidence that TTR amyloidosis is more prevalent among HFpEF population.[@b12-cmc-suppl.1-2014-039] Of the 109 Caucasian patients seen at Mayo Clinic hospitals between 1986 and 2001 with subsequent autopsy, 5% were found to have moderate or severe WT TTR deposits in the left ventricle, consistent with WT systemic amyloidosis as the primary etiology of heart failure. In addition, mild interstitial and/or variable severity of intramural coronary vascular WT TTR deposition occurred in 12% of this cohort. None of these patients carried an antemortem diagnosis of cardiac amyloid.

How TTR amyloidosis contributes to the development of HFpEF is not known. We can only hypothesize that the accumulation of dense TTR amyloid likely worsens diastolic function. Slow accumulation of pathologic TTR amyloid deposits in the heart may initially cause asymptomatic left ventricular (LV) hypertrophy, with relatively late diagnosis because of its gradual progression. However, these individuals may have other comorbidities (diabetes, hypertension, chronic kidney disease, atrial fibrillation) that contribute independently to impaired ventricular relaxation, and also promote a pro-oxidative state, and therefore may accelerate myocardial TTR deposition as a secondary phenomenon. This latter hypothesis might explain why a significant number of mutant *TTR* carriers remain asymptomatic without evidence of cardiac involvement until older age, when co-morbidities such as hypertension and diabetes have taken their toll on the heart. Regardless, it should be emphasized that based on the Mayo clinic autopsy series, TTR amyloidosis might represent a significant portion of the population labeled as HFpEF, when, in fact, such patients have an entirely different disease, namely, cardiac amyloidosis.

When to Suspect Cardiac Amyloidosis
===================================

The diagnosis of TTR cardiac amyloidosis is often missed until very late in the disease course, as it is an indolent illness affecting the same elderly population with HFpEF. Unlike light chain (AL) amyloidosis, there is no readily available blood test for misfolded TTR protein. Diagnostic algorithms, including non-invasive imaging modalities and endomyocardial biopsy, have been published elsewhere.[@b13-cmc-suppl.1-2014-039],[@b14-cmc-suppl.1-2014-039] Yet these algorithms can only be applied if cardiac amyloid is suspected. [Table 1](#t1-cmc-suppl.1-2014-039){ref-type="table"} summarizes our proposal of criteria that, when present, should raise a clinician's suspicion for cardiac amyloidosis. We have tried to make these criteria as specific to TTR amyloidosis as possible, though many of them, such as low-voltage electrocardiogram (ECG) with echocardiographic evidence of LV hypertrophy, are found in other forms of infiltrative cardiomyopathy.

Given the increasing awareness of TTR cardiac amyloidosis, this review summarizes the molecular mechanisms and proposes a unifying model to explain the disease phenotype. Knowledge of the underlying molecular pathways is vital in the search for novel therapies that can alter the course of this progressive and fatal disease.

Cytotoxicity of TTR Amyloid Fibrils
===================================

TTR is a tetramer of four identical *β*-pleated sheet-rich subunits, each composed of 127 amino acids. The crystal structures of WT and mutant TTR in complex with its natural ligands, thyroxine and retinol-binding protein, have all been solved.[@b15-cmc-suppl.1-2014-039],[@b16-cmc-suppl.1-2014-039] TTR is predominantly synthesized in the liver, but a small amount is also made in the retinal pigment epithelium of the eye and choroid plexus of the brain. Much research effort has been devoted to the identification of disease-causing mutations, now numbered at 120 to date[@b17-cmc-suppl.1-2014-039] (<http://amyloidosismutations.com/mut-attr.php>). Certain mutations such as Val30Met are linked to devastating peripheral neuropathy, while others such as Val122Ile predominantly cause heart failure. Symptomatic patients as well as their asymptomatic mutation-carrying family members can be registered in the Transthyretin Amyloidosis Outcomes Survey (THAOS), an international, longitudinal, observational study designed to investigate the disease course and its management.[@b18-cmc-suppl.1-2014-039]

How mutations in the *TTR* gene trigger amyloid fibril formation is well known[@b19-cmc-suppl.1-2014-039] ([Fig. 1](#f1-cmc-suppl.1-2014-039){ref-type="fig"}). Certain mutations destabilize the tetramer structure, either thermodynamically or kinetically, causing protein misfolding, aggregation, and fibril formation. The natural progression and phenotypic manifestations of WT and mutant TTR amyloidoses have been described and reviewed extensively elsewhere.[@b1-cmc-suppl.1-2014-039],[@b13-cmc-suppl.1-2014-039],[@b20-cmc-suppl.1-2014-039] However, there remain numerous unanswered questions regarding the underlying cellular signaling pathways responsible for disease severity, organ tropism, male predominance, and the age-dependent onset of TTR cardiac amyloidosis.

Disease severity
----------------

Though TTR misfolding can cause amyloidosis in organs where it is made (as in vitreous amyloid), the burden of disease predominantly occurs as systemic TTR deposition, most importantly involving the heart and peripheral nerves. Research in the field of FAP provides much insight into the pathogenesis of TTR misfolding, which is inferred to be similar in the heart. Owing to the lack of readily available cardiac tissues or a transgenic animal model that can accurately recapitulate disease phenotype, *in vivo* studies examining the cardiotoxicity of TTR misfolding are limited. Certain mutations such as Leu55Pro are associated with early onset, and devastating and widespread amyloidosis, while others cause more indolent disease.[@b21-cmc-suppl.1-2014-039] The answer to this mystery might be the efficiency of protein secretion in the liver. Despite structural instability, mutant TTR tetramers are secreted with the same efficiency as wild type if they possess a thermodynamic and kinetic profile favorable enough to escape the machinery that controls protein folding, ie, the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway. Alternatively, mutant tetramers can be stabilized by a small molecule chaperone such as thyroxine and, thus, efficiently secreted.[@b22-cmc-suppl.1-2014-039],[@b23-cmc-suppl.1-2014-039] In short, if a mutation is particularly amyloidogenic (ie, causing highly unstable TTR tetramers) but can be secreted normally either because of its ligand binding or favorable thermodynamic profile, the disease manifestations are likely more widespread and severe.

As in the case of other amyloidoses such as Alzheimer's disease, extracellular deposition of TTR (mutant or WT) triggers intracellular stress response, suggesting the presence of a plasma membrane receptor for TTR, or a signaling cascade triggered by an indirect interaction between TTR and a transmembrane molecule. In lung and nerve tissues isolated from patients with FAP (Val30Met), both soluble, ligand-less TTR tetramer and unfolded TTR fibrils have been shown to bind RAGE (receptor for advanced glycation end-product), a scavenger receptor of the immunoglobulin superfamily capable of binding *β*-pleated sheet-rich proteins.[@b24-cmc-suppl.1-2014-039] Signal transduction via the interaction between RAGE and hyperglycemia-induced advanced glycation end products (AGEs) has been implicated in diabetic cardiovascular complications.[@b25-cmc-suppl.1-2014-039] Binding of RAGE triggers NF-κB activation, nuclear translocation, and upregulation of downstream proinflammatory cascades that result in oxidative damage and cell death.[@b24-cmc-suppl.1-2014-039] Extracellular TTR fibrils have also been shown to trigger the intracellular unfolded-protein response involving endoplasmic reticular stress pathways and cytosolic Ca^2+^ overload,[@b26-cmc-suppl.1-2014-039] as well as downregulation of proteasomal activity, further compromising the cell's protection against oxidative stress.[@b27-cmc-suppl.1-2014-039] Once bound to retinol-binding protein (its natural ligand), the TTR tetramer is stabilized and loses its ability to interact with RAGE, thus no longer able to induce cytotoxic stress response.[@b24-cmc-suppl.1-2014-039] Strategies to stabilize the tetramer, either by TTR's natural ligands or by a small molecule such as tafamidis, are one key to novel therapeutic developments as described below.

Organ tropism
-------------

Why the heart is preferentially affected in WT cardiac amyloidosis or Val122Ile TTR is not known. In contrast, Val30Met TTR amyloidosis typically causes earlier and more severe involvement of the peripheral nerves, with later cardiac manifestations. Cardiac tissues isolated from mutation carriers have been shown to harbor both WT and mutant TTR fibrils.[@b28-cmc-suppl.1-2014-039] Curiously, in an autopsy series of Val30Met FAP patients, older men had more WT than mutant TTR in their hearts, whereas their kidney, peripheral nerve, and gastrointestinal tissues exhibited no such correlation between age and the amount of TTR deposition.[@b29-cmc-suppl.1-2014-039] A cardio-specific receptor for TTR has not been found, but aging is a significant factor in the pathogenesis of TTR cardiac amyloidosis.

Age-dependent onset
-------------------

The typical age of onset for WT TTR cardiac amyloidosis is in the seventh or eighth decade, and Val122Ile mutation carriers characteristically develop symptomatic heart failure after 60 years of age.[@b8-cmc-suppl.1-2014-039],[@b30-cmc-suppl.1-2014-039] It is unclear why WT TTR tetramers disassemble and deposit in the heart with increasing age, and why life-long mutation carriers may remain asymptomatic until the seventh or eighth decade. Age-dependent protein oxidation has been implicated in many disease models. As shown in an *in vitro* study, oxidized WT and Val122Ile TTR isoforms exert a more cytotoxic effect than their unoxidized counterparts.[@b31-cmc-suppl.1-2014-039] Another possibility is that the decline of thyroid function or retinol-binding protein in octogenarians[@b32-cmc-suppl.1-2014-039],[@b33-cmc-suppl.1-2014-039] accounts for TTR's increased susceptibility to misfolding, once the serum levels of its natural ligands are lower.

Male sex prevalence
-------------------

Clinically apparent WT TTR cardiac amyloidosis is mainly a disease of older men.[@b34-cmc-suppl.1-2014-039],[@b35-cmc-suppl.1-2014-039] In the autopsy series of Val30Met FAP patients described above, there appears to be a negative correlation between female sex and the amount of WT TTR deposits in the heart.[@b29-cmc-suppl.1-2014-039] This finding suggests that sex hormones might play a role in mediating the male prevalence of TTR amyloidosis or perhaps even later onset of WT TTR amyloidosis among women. TTR production by the liver of castrated mice increases several folds in response to exogenous 17 β-estradiol (E2) or 5α-dihydrotestosterone (DHT), though the latter seems to elicit more robust TTR production.[@b36-cmc-suppl.1-2014-039] While women's ovarian estradiol levels drop sharply after menopause, men's testosterone production, in contrast, is a steady decline, which may explain the prevalence of WT cardiac amyloidosis in male patients.

In short, [Figure 2](#f2-cmc-suppl.1-2014-039){ref-type="fig"} summarizes the molecular mechanisms of TTR cytotoxicity as inferred from many studies to date. These mechanisms lend credence to the search for TTR amyloidosis therapies.

Emerging Therapies for the Treatment of TTR Cardiac Amyloidosis
===============================================================

Small molecule stabilizers
--------------------------

Stabilization of the TTR homotetramer proves to be a viable approach in the search for novel therapies. This approach was initially considered after recognition that a naturally occurring mutation in *TTR*, Thr119Met, effectively stabilizes the TTR tetramer in the context of a trans-destabilizing mutation[@b37-cmc-suppl.1-2014-039] ([Fig. 1](#f1-cmc-suppl.1-2014-039){ref-type="fig"}). Though thyroxine is a natural tetramer stabilizer, it is not a viable therapy because of its hormonal property. A search for small molecule stabilizers yielded two promising drugs, diflunisal, a non-steroidal anti-inflammatory drug (NSAID), and tafamidis meglumine (Vyndaqel™, Pfizer), an NSAID analog without NSAID activity. In a multinational, randomized, placebo-controlled trial, diflunisal was shown to reduce the progression of neurological damage in patients with FAP.[@b38-cmc-suppl.1-2014-039] Diflunisal appears to be safe if given at low doses to compensated patients with TTR cardiac amyloidosis.[@b39-cmc-suppl.1-2014-039]

Tafamidis meglumine is a benzoxazole lacking NSAID activity, which makes it ideal for heart failure patients for whom the fluid retention and renal dysfunction caused by NSAIDs may worsen disease manifestations. Tafamidis kinetically stabilizes TTR and inhibits amyloidogenesis.[@b40-cmc-suppl.1-2014-039] In a double-blind, placebo-controlled, randomized trial of patients with FAP, tafamidis appears to reduce peripheral neurologic impairment, though the co-primary endpoints, based on the intention to treat two different neuropathy symptom-scoring systems, were not significantly different between treatment and placebo arms.[@b41-cmc-suppl.1-2014-039] In a smaller cohort of individuals with non-Val30Met TTR amyloid and systemic TTR amyloidosis (including cardiomyopathy), tafamidis similarly stabilized the TTR tetramer with good tolerability.[@b42-cmc-suppl.1-2014-039] Approved in Europe and other locations for early stage FAP, tafamidis is still under review by the US Food and Drug Administration (FDA), and more clinical trials are underway to evaluate its efficacy in TTR cardiac amyloid patients. Other high-throughput drug screens continue to identify small molecule stabilizers that bind and stabilize mutant and WT TTR tetramers with high affinity.[@b19-cmc-suppl.1-2014-039]

TTR silencers
-------------

To date the only approved method for curing familial TTR amyloidosis is orthotopic liver transplantation. However, this approach is problematic in many ways. TTR patients are generally older, and many do not qualify for organ transplantation. In some cases, cardiac and peripheral nerve deposition of amyloid continues to progress despite liver transplant.[@b43-cmc-suppl.1-2014-039],[@b44-cmc-suppl.1-2014-039] Degradation of *TTR* mRNAs either by short interfering RNA (siRNA) or antisense oligonucleotides has been shown to be an effective method in lowering TTR serum level and halting the progression of amyloid formation.[@b45-cmc-suppl.1-2014-039],[@b46-cmc-suppl.1-2014-039] Isis Pharmaceuticals and Alnylam Pharmaceuticals are conducting Phase II/III clinical trials at sites in the US and other countries to evaluate the efficacy of antisense oligonucleotides and siRNA, respectively.[@b47-cmc-suppl.1-2014-039]

Novel therapies
---------------

As described earlier, binding of TTR fibrils to RAGE leads to NF-κB activation and upregulation of downstream proinflammatory cascades involving TNF-α, macrophage colony-stimulating factor, and IL-1β. In a transgenic FAP mouse model of human Val30Met TTR, administration of anakinra, an IL-1 type 1 receptor inhibitor, prevents extracellular deposition of TTR fibrils as well as neuronal apoptosis.[@b48-cmc-suppl.1-2014-039] Another avenue of novel therapeutics involves lysine-specific molecular tweezers, small molecules that specifically bind lysine residues and interfere with hydrophobic and electrostatic interactions that are vital for the oligomerization process.[@b49-cmc-suppl.1-2014-039] In Val30Met FAP mice, CLR01, a molecular tweezer, inhibits TTR deposition in the peripheral nervous system and gastrointestinal tract, with a concomitant decrease in cellular stress response, protein oxidation, and apoptosis.[@b50-cmc-suppl.1-2014-039]

Other small molecules that hold therapeutic promises for TTR are resveratrol, doxycycline, and epigallocatechin-3\--gallate (EGCG). Resveratrol is a phenolic compound found in grape skin. It kinetically stabilizes the tetramer in the same way as tafamidis and diflunisal by occupying the thyroxine-binding pocket, and has been shown to accelerate the formation of non-toxic native TTR tetramers *in vitro*.[@b51-cmc-suppl.1-2014-039] Doxycycline, on the other hand, prevents TTR deposits in genetically predisposed mice, especially when given together with a biliary acid, tauroursodeoxycholic acid (TUDCA).[@b52-cmc-suppl.1-2014-039],[@b53-cmc-suppl.1-2014-039] The efficacy of doxycycline and TUDCA combination is being tested in a phase II clinical trial.[@b17-cmc-suppl.1-2014-039]

EGCG is a major polyphenolic component of green tea. Unlike tafamidis and diflunisal, EGCG stabilizes the homotetramer by binding to a site at the interface of two dimers. This molecule also has the ability to disrupt TTR fibrils. EGCG-treated old FAP mice have less organ TTR deposits, and more importantly, show signs of amyloid deposit disaggregation, the latter an extremely promising outcome as most patients have extensive amyloid deposition at the time of diagnosis.[@b54-cmc-suppl.1-2014-039]

Conclusion
==========

TTR cardiac amyloidosis is a progressive, fatal disease that affects older, predominantly male patients. The disease is caused by extracellular deposition of amyloid fibrils, formed from the misfolding of WT or mutant TTR tetramers. Extracellular fibril deposition leads to upregulation of the intracellular stress response, inflammation, and ultimately, programmed cell death. Whether TTR is a major cause of HFpEF, or HFpEF triggers TTR misfolding and amyloidogenesis, remains unknown. Regardless, as diagnostic technologies advance and TTR amyloid is more readily detected, it is increasingly important to understand the molecular pathogenesis of the disease in order to create new treatments aimed at improving the quality of life and survival of individuals with this condition.
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![A crystal structure of TTR homotetramer (reproduced with permission from Dr. Isabella Graef).[@b19-cmc-suppl.1-2014-039] The natural ligand T4 provides kinetic stability to the TTR homotetramer, as does T119M if found in the presence of a thermodynamically destabilizing mutation such as Val30Met. V122I is one of the most common TTR mutations found worldwide.](cmc-suppl.1-2014-039f1){#f1-cmc-suppl.1-2014-039}

![A proposed mechanism for the pathogenesis of TTR amyloidosis. Stable WT or mutant TTR tetramers are synthesized in the liver and must pass through the protein folding quality control machinery in the ER (ERAD) prior to being secreted. Highly unstable mutant tetramers such as Asp18Gly (D18G) are degraded via the ubiquitin--proteasome system, while WT TTR and stabilized mutants such as Val122Ile (V122I) are efficiently secreted into the serum. With aging-related oxidation, coupled with thermodynamic instability caused by certain mutations, TTR tetramers disassociate, forming amyloid fibrils that deposit extracellularly in target organs, such as the heart. Amyloid fibrils bind RAGE, triggering intracellular inflammatory cascades that result in apoptosis, organ dysfunction, and death. Novel treatments include antisense oligonucleotides and siRNA aimed at inhibiting TTR synthesis. Tafamidis and diflunisal are small molecule stabilizers. The lysine-rich molecular tweezers inhibit amyloidogenesis, while anakinra suppresses the downstream inflammatory cascade.](cmc-suppl.1-2014-039f2){#f2-cmc-suppl.1-2014-039}

###### 

When to suspect cardiac amyloidosis in a patient with heart failure.

  ---------------------------------------------------------------------------------------------------------------------
  CATEGORY         CRITERIA
  ---------------- ----------------------------------------------------------------------------------------------------
  History          • New-onset HFpEF at age \>60 years\
                   • Family history of unexplained HF at age \>60 years\
                   • Peripheral neuropathy\
                   • Carpal tunnel syndrome, particularly with recurrence, or with lack of improvement after surgery\
                   • Easy bruising without anticoagulation medications

  Physical exam    • Orthostatic hypotension\
                   • Macroglossia\
                   • Thenar/hypothenar muscle wasting\
                   • Unexplained dermal bruising

  Medications      • Beta-blocker intolerance\
                   • Vasodilator intolerance

  ECG              • Low voltage (limb QRS \<5 mm, precordial QRS \<10 mm)\
                   • Discordance between ECG and echocardiogram regarding LV hypertrophy\
                   • Atrial fibrillation/flutter\
                   • AV conduction delay\
                   • Unexplained bundle branch block\
                   • Pseudo-infarction pattern

  Echocardiogram   • Unexplained LV hypertrophy\
                   • Unexplained RV hypertrophy\
                   • Increased atrial septal thickness\
                   • Biatrial enlargement\
                   • Restrictive filling (high E/A and E/e' ratios)\
                   • Pericardial effusion
  ---------------------------------------------------------------------------------------------------------------------
